Abstract A preliminary shielding analysis on the transport of the Chinese helium cooled ceramic breeder test blanket module (HCCB TBM) from France back to China after being irradiated in ITER is presented in this contribution. Emphasis was placed on irradiation safety during transport. The dose rate calculated by MCNP/4C for the conceptual package design satisfies the relevant dose limits from IAEA that the dose rate 3 m away from the surface of the package containing low specific activity III materials should be less than 10 mSv/h. The change with location and the time evolution of dose rates after shutdown have also been studied. This will be helpful for devising the detailed transport plan of HCCB TBM back to China in the near future.
Introduction
China has been developing a solid test blanket module called the Chinese helium cooled ceramic breeder test blanket module (HCCB TBM) which is to be tested in ITER [1] to obtain the main technologies for DEMO blankets. With the development of the TBM testing project, the relative decommissioning plans for TBM should be envisaged [2] . This work focuses on the shielding analysis of the irradiated HCCB TBM transport [3] , in which the dose rate is the main concern [4] .
There are 1×4 sub-modules in the updated HCCB TBM [5] compared to the previous one [6] in order to meet the new requirement from ITER that the RAFM material consumption should be less than 1.3 t [7] . The HCCB TBM will employ RAFM steel as the structure material, Li 4 SiO 4 pebbles as the tritium breeder material and Be (beryllium) pebbles as the neutron multiplier material [8] . Fig. 1 shows the structure of the HCCB TBM [5] . As they are separated, the auxiliary equipment unit (AEU), pipe forest and port plug will be transported to and kept in the hot cell. The cutting and packaging of the TBM before transport will be carried out in the hot cell [9] . The TBM will be detached from the shield block in TBM-Set which is separated from the frame in the port plug [10] , as shown in Fig. 2 .
After being separated, the TBM will be transported [11] back to China from France for post irradiation examination (PIE) and the disposal of radwaste [12] . Since the irradiated TBM is radioactive [13] , the importance of irradiation safety during transport can be foreseen [14] . MCNP has been applied to calculate the dose rates outside the conceptual package for TBM and the results are good in terms of radioactivity safety to protect staff [15] . The dose rates along the radial distance in the conceptual package at a specific time after shutdown have been studied, as have the time evolutions of the dose rates at specific points and areas after shutdown. This work will contribute to the full safety analysis for the transport of the HCCB TBM back to China in the near future. 
Simulation model
After being packaged in the hot cell of ITER, the irradiated TBM will be transported back to China from the ITER site and the post disposal will be conducted in China. Since there is no package that can be directly used for the transport, a conceptual package design has been made to simulate the dose rate for radioactivity safety. The dimensions of the HCCB TBM are 1670 mm (poloidal) × 462 mm (toroidal) × 465 mm (poloidal) with 10 mm gaps between the sub-modules. For the HCCB TBM, only 1/4 of the TBM will be transported back to China by Sinotrans [16] in the conceptual decommissioning design. Leaving out the gap, the dimensions of the 1/4 TBM are 410 mm (poloidal) × 462 mm (toroidal) × 465 mm (radial).
According to the IAEA regulations [17] for low specific activity III (LSA-III) materials matching the characteristics of the irradiated HCCB TBM, the dose rate limit 3 m away from the surface of the package containing the radioactive materials should be less than 10 mSv/h. But an even more serious criterion that the dose rate on the surface should be less than 10 mSv/h was applied, leading to much safer working conditions for the staff with a conservative calculation result.
The candidate materials [18] for the transport package are lead, tungsten and stainless steel graded 316 and 304 [19] . The cylindrical package with an inner cavity modeled by MCNP/4C [20] is shown in Fig. 3 for option A (left) and option B (right). The first wall faces the bottom of the transport package in option B which will not directly endanger the staff during transport, whereas it faces the cylindrical surface of the package in option A. The cross sections library is FENDL2.1 [21] recommended by ITER. Tally F2 and F5 with photon flux-to-dose rate conversion coefficients from IDM Number ITER D 29PJCT [22] recommended by ITER were used to calculate the dose rate.
The source data come from the latest activity calculation results of the updated TBM design using MCNP and the FISPACT code [23] . When selecting the storing time before transport, the stability of the activation during that period and the time limits for storage in the hot cell on the ITER site should be considered. Fig. 4 shows the energy distribution of gamma rays in different zones when the irradiated HCCB TBM is stored for 60 days after shutdown. The distribution in Li 4 SiO 4 fluctuates but that in the Be material is quite uniform over different energy zones. The sources in each zone are assumed to be homogeneously distributed which is considered acceptable for the preliminary dose rate calculation of the shielding effect of the transport package. Nevertheless, detailed calculations should be performed taking into consideration the actual gamma sources measured by other methods when ITER operates in reality. 
Materials and sizes
First, it can be assumed that all the shielding materials are the same for the preliminary calculation of the size and cost for option A. The standard is that all dose rates outside the package surface are less than 10 mSv/h and the results are shown in Table 1 . As we can see from the table, tungsten is not appropriate for the package considering the weight and cost of the material, not to mention the cost of manufacture. Lead and stainless steel graded 304 are the best choices according to these data. With consideration of the stability of structure, cost and shielding effects, lead has been chosen as the main shielding material (in the middle layer) and stainless steel as the structure material (in the innermost and outmost layer). This selection of shielding and structure materials is the same for option B.
After a series of optimizations for different dimensions of the two materials, the proper sizes for options A and B have been found, as shown in Table 2 . The maximum dimensions are 570 mm (height) × 920 mm (diameter), while the useable internal cavity is 430 mm (height) × 660 mm (diameter) for option A. For option B, the maximum dimensions are 600 mm (height) × 874 mm (diameter), while the useable internal cavity is 465 mm (height) × 620 mm (diameter). Table 3 presents the dose rates on the package surface and at the surface 3 m away from the package surface, all of which are less than or around 1 mSv/h. All dose rates on the corresponding surfaces are almost at the same level, which can be used as a base for comparison between options A and B. On the cylindrical surface of the package of options A and B, the average doses rates are both around 1 mSv/h. The average dose rates 3 m away from the package surface are 0.0577 mSv/h (cylindrical)
Dose rates at different locations
The dose rates have also been calculated for specific points from the innermost to the outermost on the middle plane of the transport package, as shown in Fig. 5 . Here for option A 'Front' faces the first wall, 'Back' the back plate and 'Diag' the corner, and for option B, 'Cap1' faces the cap and 'Side1' faces the side wall. For option A, the dose rate at the innermost point is quite high, especially that in 'Front' and 'Diag' which are obviously much higher than those in 'Back' as can be expected when facing the first wall. When it reaches the outermost point of the package, the dose rates are already 2.25 mSv/h (Front), 1.4 mSv/h (Diag) and 0.25 mSv/h (Back), all less than 10 mSv/h. For option B, the dose rates facing the side wall on the middle plane are almost the same as those facing the cap. The dose rates near the surface are 1.31 mSv/h (Cap1) and 1.14 mSv/h (Side1).
The average dose rate in specific areas has been obtained for both options A and B, as shown in Fig. 6 . The average value and peak of the dose rate on these segments for option A are 1.85 mSv/h and 2.20 mSv/h and the dose rate is larger near the bottom than that near the top due to the first wall and the back plate. By comparison, the average dose rate of B is less than that of A.
Dose rates versus storage time
Additionally, the time evolutions of the dose rates have been studied for both options when the time after shutdown is from 10 s to 30 years in the hot cell before the transport. Fig. 7(a) shows the dose rates at the outermost and innermost points in three directions of the package for option A and Fig. 7(b) displays the dose rates outside and 3 m away from the package surface for option A. It can be seen that the dose rates on the whole decreases with time after shutdown, as predicted. But when the time is from 12 days to 100 days, there is no evident change in the dose rates. The dose rates drop sharply from 10 s to 12 days when the time after shutdown is shown linearly instead of as a log plot as in Fig. 7 . When the storing time is longer than 12 days, the average dose rates outside the package surface will satisfy the IAEA regulations. When it comes to the dose rates at specific points 3 m away from the surface, the storing time should be longer than 30 days. Furthermore, taking realistic conditions into consideration, the time until transport should also be more than 30 days after shutdown based on the maximum dose rate instead of the average value. These data have proved that the source data are suitable for the calculations in this work when the considered time after shutdown is 60 days, since the storage time is limited in the hot cell on the ITER site. The tendencies of the dose rates at the innermost points of the package correspond well with those at the outermost points which can additionally provide some data for the naked irradiated HCCB TBM after shutdown. The dose rates 3 m away from the package surface are even smaller than those outside the package surface. Also the tendencies of the dose rates' time evolution in specific areas after shutdown agree with those at specific points. Fig. 8(a) illustrates the dose rates at the outermost and innermost points in two directions of the package of option B and Fig. 8(b) reveals the dose rates outside and 3 m away from the package surface of option B. The dose rates on the whole are decreasing with time after shutdown, as predicted. It is clear that the dose rates are almost the same both at the innermost and outermost points facing the cap and side wall, reflecting the small difference of activation in the cap and side wall. There is an apparent intersection of the dose rates both outside and 3 m away from the top and bottom package surfaces from 10 s to 12 days which is not apparent in option A. The reason is that the bottom faces the first wall and the top faces the back plate in option B, while the top and bottom both face the caps in option A.
A comparison of dose rates outside the package surface is shown in Table 4 when the storage time reaches 30 years before the transport, all of which are very small.
Even though both transport package options can meet the IAEA limit, the mass of option B is smaller than that of option A when achieving the same dose rate level outside the package. Taking into account mass, dose rate and direct exposure to the surface facing the first wall, it is strongly recommended that option B should be used for better radiation protection.
Conclusions
The preliminary shielding analysis for HCCB TBM transport has been presented. The evaluation of the contact dose rate during transport has been performed when the storage time between transport and shutdown is 60 days. The dose rates simulated for the conceptual transport package for the TBM satisfy the IAEA limits that the dose rate 3 m away from the surface of the package containing LSA-III materials should be less than 10 mSv/h. The parts facing the first wall need much more shielding material than those facing the back plate both for options A and B. Taking into account mass, dose rate and direct exposure to the surface facing the first wall, it is strongly recommended that option B should be used for better radiation protection. The dose rates at specific points and areas are, on the whole, decreasing with storage time after shutdown, as predicted. The storage time before transport should be longer than 30 days when the shielding material (lead) is about 100 mm (radial) and 40-50 mm (top and bottom) thick, but it can be shorter with a thicker shielding material. Detailed analysis will be performed in the future with more detailed considerations.
